The ternary iron(II) complex [Fe(L )(L )](PF 6 ) 3 (1) as a synthetic model for the bleomycins, where L and L are formed from metal-mediated cyclizations of N,N -(2-hydroxypropane-1,3-diyl)bis(pyridine-2-aldimine) (L), is synthesized and structurally characterized by X-ray crystallography. In the six-coordinate iron(II) complex, ligands L and L show tetradentate and bidentate chelating modes of bonding. Ligand L is formed from an intramolecular attack of the alcoholic OH group of L to one imine moiety leading to the formation of a stereochemically constrained five-membered ring. Ligand L which is formed from an intermolecular reaction involving one imine moiety of L and pyridine-2-carbaldehyde has an emissive cationic imidazopyridine pendant arm. The complex binds to double-stranded DNA in the minor groove giving a K app value of 4.1 × 10 5 M −1 and displays oxidative cleavage of supercoiled DNA in the presence of H 2 O 2 following a hydroxyl radical pathway. The complex also shows photo-induced DNA cleavage activity on UV light exposure involving formation of singlet oxygen as the reactive species.
Introduction
Bleomycins (BLMs) are the glycopeptide antitumor antibiotics that cleave DNA in an oxidative manner.
1- 3 The structure of BLMs primarily consists of three domains having different functional roles. It has a carbohydrate domain for cell permeability and for facilitating O 2 binding, a chelation unit for binding to metal, viz. iron, which is also the oxygen binding site, and a C-terminus bithiazole unit with DNA binding affinity and sequence selectivity (Scheme 1). The structural and functional aspects of the BLMs-DNA interactions have earlier been studied using various BLM analogs/conjugates to determine the specific roles of different domains.
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In contrast, synthetic model iron complexes are rare, possibly due to the structural complexity of BLMs.
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Scheme 1 Schematic structure of Bleomycins.
There are few reports on the synthetic model complexes for the metal binding site, i.e. the N-terminus domain.
11- 14 The † Electronic supplementary information (ESI) available: Fig. S1 : Visible spectral traces of 1 on treatment with Ce(IV) ion followed by ascorbate; Fig. S2 : Structures of the five-membered ring of L and the imidazopyridine ring of L . See http://www.rsc.org/suppdata/dt/b4/ b415864d/ only iron complex with a proposed structure that models both the N-and C-terminus units was reported by Hertzberg and Dervan. 10 They have shown that methidiumpropyl-EDTA in presence of ferrous ion and oxygen under in situ reaction cleaves DNA in an oxidative manner. In this paper, we present the synthesis and crystal structure of a ternary iron(II) complex [Fe(L )(L )](PF 6 ) 3 (1) which is formed serendipitously from novel Schiff base cyclizations involving the imine functionality of the potentially pentadentate Schiff base N,N -(2-hydroxypropane-1,3-diyl)bis(pyridine-2-aldimine) (L) on reaction with ferric chloride in alcoholic medium in the presence of NH 4 PF 6 (Scheme 2). Complex 1, with a semi-flexible cationic aromatic DNA-binder arm that shows fluorescence, exemplifies the first structurally characterized synthetic model for the N-and Cterminus domains of BLMs. Complex 1 efficiently cleaves supercoiled plasmid DNA in the presence of H 2 O 2 or UV light. the analytically pure complex 1. The complex is a 1 : 3 electrolyte and displays characteristic PF 6 stretching bands in the IR spectrum. It shows electronic spectral d-d bands at 516 and 592 nm and an emission band at 392 nm (317 nm excitation) in MeCN (Fig. 1) . The complex is also emissive at 389 nm (315 nm excitation) in an aqueous medium. The emission intensity is found to increase slowly with time. After ca. 30 min, it reaches its maximum. It is likely that the complex is susceptible to hydrolysis in the aqueous medium at the metal-bound imine bond of L causing the imidazopyridine arm to slowly dissociate from the complex over a period of time. The complex is redox active and displays a quasi-reversible cyclic voltammetric response assignable to the Fe(III)/Fe(II) couple at 0.98 V vs. SCE (DE p , ∼90 mV at 50-500 mV s −1 ) in MeCN-0.1 M TBAP (Fig. 2) . 16 It undergoes chemical oxidation on addition of Ce(IV) ion with a reduction of the intensity of the purple band to a colorless solution which regenerates 1 on reaction with sodium ascorbate in aqueous MeCN solvent (Fig. S1 . ESI †). 
Crystal structure
Complex 1 has been structurally characterized by X-ray crystallography. The structure shows the presence of the cationic iron(II) complex and three PF 6 anions in the crystallographic asymmetric unit (Fig. 3) . 17 Selected bond distances and angles are given in Table 1 . In the ternary structure, L and L display tetradentate and bidentate modes of binding, respectively, in an essentially octahedral Fe II N 6 coordination geometry. The av. Fe-N bond length is ∼2.0 Å with the Fe(1)-N(3) bond length (2.036(6) Å ) being significantly longer than the rest. Both L and L are formed from the Schiff base L by metalpromoted Schiff-base cyclization reactions. Ligand L is formed from an intramolecular attack of the alcoholic OH group to one imine bond of L resulting in a stereochemically constrained five-membered ring that is expected to make the relatively long Fe(1)-N(3) bond vulnerable to substitution in the DNA cleavage reactions (Fig. S2a, ESI †) . The mono-cationic L is presumably formed from an intermolecular reaction involving one imine moiety of L with pyridine-2-carbaldehyde present in the reaction mixture.
Ligand L has a long pendant arm whose flexibility is significantly reduced in the presence of hydrogen bonding (Table 2) . Both the N(7) and N(8) atoms are planar showing a sum of three angles as 360
• . This unit is mono-cationic and aromatic with the positive charge being delocalized on N(7) or N(8), giving a resonance structure (Scheme 2). There are four double bonds in this unit.
Contribution of 2e
− from the nitrogen atom makes 10p-electrons in total needed for aromaticity.
DNA cleavage studies
The binding of 1 to calf thymus (CT) DNA has been studied by fluorescence spectral method using the emission intensity of ethidium bromide (EB). EB does not show any emission Table 1 Selected bond distances (Å ) and bond angles ( 
1.502 ( (27) 1.439 (10) in the buffer medium due to fluorescence quenching by the solvent molecules. 18 In the presence of CT DNA, it shows emission due to its intercalative binding to DNA. Addition of 1 with its cationic planar imidazopyridine moiety results in the competitive binding to DNA causing reduction of the emission intensity due to displacement of the EB from the bound to the free state (Fig. 4) . The apparent binding constant (K app ) is estimated as 4.
. 19 The emission spectral behavior of complex 1 in the presence of CT DNA has been studied. The emission intensity is found to increase with time until it reaches a constant value after ca. 30 min (Fig. 4) . The observation which is similar to that evidenced in the absence of DNA, suggests cleavage of the imidazopyridine arm from the complex. The results indicate significant quenching effect of the {FeL } 2+ unit even in the absence of any p-conjugation between the metal-bound imine moiety and the imidazopyridine group of L .
The oxidative DNA cleavage activity of the complex was studied in the presence of H 2 O 2 or on photo irradiation. The complex is cleavage inactive in the presence of reducing agents, but cleaves supercoiled (SC) pUC19 DNA when treated with H 2 O 2 or on exposure to UV light (Figs. 5 and 6 ). Selected DNA cleavage data are given in 
Conclusion
The ternary complex 1 is the first structurally characterized iron(II) complex modeling the N-and C-terminus domains of bleomycins. The ligands L and L are formed from novel metalmediated Schiff base cyclizations of the Schiff base L. The DNA cleavage reaction of 1 involves the cationic arm as a minor groove binder and the redox active iron center to form the reactive hydroxyl species. Ligand L with an emissive cationic pendant aromatic imidazopyridine ring acts as a photosensitizer. Isolation of 1 is of significance as imidazopyridines are known to be potential antitumor antibiotics.
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Experimental
All reagents and chemicals were purchased from commercial sources and used without further purifications except MeCN, which was purified by standard procedures before use in electrochemical measurements. 25 The Schiff base ligand N,N -(2-hydroxypropane-1,3-diyl)bis(pyridine-2-aldimine) (L) was prepared by a reported method. 26 The elemental analysis was done using Thermo Finnigan FLASH EA 1112 CHN analyser instrument. The IR and electronic spectral measurements were done using Perkin-Elmer Spectrum One FT-IR and Lambda 55 spectrometers, respectively. Cyclic and differential pulse voltammetric measurements were made at 25
• C on a EG&G PAR 253 VersaStat potentiostat/galvanostat using a threeelectrode configuration consisting of a glassy carbon working, a platinum wire auxiliary and a saturated calomel reference (SCE) electrode. • C using a Control Dynamics conductivity meter.
Preparation of [Fe(L )(L )](PF 6 ) 3 (1)
A 10 ml methanolic solution of FeCl 3 (0.243 g, 1.5 mmol) was added slowly to a magnetically stirred 15 ml methanolic solution of the ligand L (1.0 g, 3.75 mmol). The solution was then refluxed under stirring for 15 min and pyridine-2-carbaldehyde (0.17 ml, 1.8 mmol) was added. The mixture was refluxed for 4 h. A 5 ml methanolic solution of NH 4 PF 6 (1.16 g, 7.14 mmol) was then added to the reaction mixture and solution was heated for a further period of 30 min. The solution was cooled to an ambient temperature. A purple solid was precipitated on slow concentration of the solution. The solid was isolated, washed with ethanol and dried in vacuo (yield: 1.17 g, ∼70%) . The complex in an analytically pure form was isolated by column chromatography using neutral alumina column (45 cm length, 1.5 cm diameter) by loading 0.18 g of the crude product and elution was done using an MeCN-MeOH mixture (7 : 3 v/v) under nitrogen atmosphere. A minor yellow fraction as an impurity was eluted first. The major purple band containing complex 1 was eluted next. 
27
Single crystals of complex 1 were obtained by vapour diffusion of diethyl ether into an acetonitrile solution of the complex. A prismatic single crystal was mounted on a glass fiber with epoxy cement. All the X-ray diffraction data were measured in frames with increasing x (width of 0.3
• frame −1 ) and with a scan speed at 15 s frame −1 on a Bruker SMART APEX CCD diffractometer, equipped with a fine focus 1.75 kW sealed tube X-ray source. Empirical absorption corrections were carried out using a multi-scan program. 28 The structure was solved by the heavy atom method and refined by full-matrix least squares using the SHELX system of programs.
27 All non-hydrogen atoms were refined anisotropically. The hydrogen atoms attached to carbon atoms in 1 were generated and assigned isotropic thermal parameters, riding on their parent carbon atoms, and used for structure factor calculation only. The hydrogen atoms of the -OH and −NH groups were located from the difference Fourier maps and they were refined two cycles isotropically at the initial stage. At the final stage of refinement, their thermal parameters were only refined isotropically. The goodness-of-fit was 0.89. The maximum shift/e.s.d. was 0.004. CCDC reference number 240419. See http://www.rsc.org/suppdata/dt/b4/b415864d/ for crystallographic data in CIF or other electronic format.
DNA-binding and cleavage experiments
The concentration of the calf thymus DNA (125 lM) was determined from its absorption intensity at 260 nm with a known e value of 6600 dm 3 mol −1 cm −1 . 29 The binding of complex 1 to calf thymus (CT) DNA was studied by fluorescence spectral method using the emission intensity of ethidium bromide (EB). The apparent binding constant (K app ) value for 1 was estimated from the equation: K EB [EB] = K app [complex] using the K app value of EB as 10 7 M −1 .
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The DNA cleavage activity of the complex was studied by agarose gel electrophoresis. Supercoiled pUC19 DNA (6 ll, ∼500 ng) in Tris-HCl buffer (50 mM, pH 7.2) containing NaCl (50 mM) was treated with the complex in the presence or absence of additives. The oxidative DNA cleavage by the complex (10-30 lM) was studied in the presence of hydrogen peroxide of different concentrations varying from 53 to 88 lM. The sample was incubated first for 1 h at 37
• C and then added loading buffer (25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol (3 ll)) and finally loaded on 0.8% agarose gel containing 1.0 lg ml −1 EB. Electrophoresis was carried out at 40 V for 2.0 h in Tris-acetate EDTA (TAE) buffer. Bands were visualized by UV light and photographed. The cleavage activity was measured by determining the ability of the complex in relaxing the SC DNA to its nicked circular (NC) form. The proportion of DNA in the SC and NC form after electrophoresis was estimated quantitatively from the intensities of the bands using a UVITEC Gel Documentation System with due correction of the low level of NC present in the original sample and the low affinity of EB binding to SC compared to NC and linear forms of DNA.
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The photo-induced pUC19 DNA cleavage studies were carried out using monochromatic UV lights of 312 nm (96 W total wattage) and 365 nm (12 W) . Control experiments were done using different reagents such as sodium azide (100 lM), DMSO (4 lL), D 2 O (14 lL), L-histidine (100 lM), distamycin (100 lM) added to SC DNA prior to the addition of the complex.
